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ABSTRACT 
Seepage beneath levees during flood stage becomes a concern when piping occurs, 
creating channels beneath the levee and forming sand boils where transported sediments 
discharge. Along the lower Mississippi River, pathways beneath the levee vary with surface 
geology, following deeper paths where the levee overlies channel fill deposits, and shallower 
paths where it overlies sand bar deposits. A preliminary investigation north of Vicksburg, MS, 
during the 2011 flood, demonstrated the potential for using aqueous geochemistry to differentiate 
sand boils forming at the end of deep and shallow flow pathways, though the study was limited 
to cation and trace metal analyses. Sampling during the 2015 and 2016 events for temperature, 
conductivity, redox potential, bulk chemistry, trace metals, tritium, and stable isotopes of 
oxygen, hydrogen, and strontium, enhanced understanding of the nature of flow and the 
geochemical evolution of the local groundwater.   
         Geochemical signatures identify distinct deep and shallow flow pathways. Deeper flow 
pathways have lower redox potential, high Fe and As, and higher barium to calcium ratios. TDS 
values were of the same magnitude for shallow and deep zones of the aquifer. Oxygen and 
hydrogen isotopes suggest that river water experiences significant evaporation before recharging 
to the Mississippi River Valley Alluvial Aquifer, likely due to temporary surface storage in 
wetlands between the river and levee system. Strontium isotope results were equivocal, with a 
distinct difference between river and groundwater, but no clear distinction between deep and 
shallow pathways. Tritium generally decreased for deeper flow paths, though temporal 
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variability did not allow calculation of residence times. Unique geochemical signatures of 
groundwater between the two flood events may reflect variation over time in the relative 
contributions of water in the river from different regions of the Mississippi River watershed. 
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1.0 INTRODUCTION 
 
         Groundwater flowing underneath levees during flood stage can create stability issues if 
sediment begins to be transported. Flow in the subsurface that transports sediment to the surface 
is known as piping. If piping extends beneath the levee, there is a significant risk of collapse into 
the cavity and failure of the levee. Piping typically results in the formation of sand boils where 
water and sediment discharge to the surface on the landward side of a flooded levee (Figure 1). 
 
 
Figure 1. Illustration of flow beneath a levee to produce sand boils (adapted from Davidson et 
al., 2013; Turnbull and Mansur, 1954; Kolb, 1975; Mansur et al., 2000; Ozkan, 2003). The top 
stratum consists of fine-grained flood deposits. 
 
         During flood stage, water enters the ground on the riverside through holes, such as 
burrows, borrow pits, or where the river channel cuts through floodplain deposits into the 
underlying aquifer system (Turnbull and Mansur, 1961; Kolb, 1975; Mansur et al., 2000; Ozkan, 
2003; Davidson et al., 2013). Water and sand discharge on the landward side as concentrated 
seepage through a channel that forms through the top stratum (Kolb, 1975; Mansur et al., 2000; 
Turnbull and Mansur, 1961; USACE, 1956). 
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         The heterogeneity of the surface geology impacts the depth of flow beneath a levee. 
Shallow pathways produce a higher risk to the levee because they are close to the surface, where 
the levee is more prone to collapse. Since the Mississippi River Valley Alluvial Aquifer 
(MRVAA) is geochemically stratified, the geochemistry of sand-boil discharge can potentially 
be used to differentiate deep and shallow flow paths. Davidson et al. (2013) published a 
preliminary investigation of cation chemistry of river, relief wells, and sand boils at the end of 
the 2011 flood. The cation analyses showed that there are distinct geochemical processes 
happening along flow paths of differing depth, but requiring a broader spectrum of geochemical 
analyses to adequately characterize processes happening in the subsurface. 
          My study expanded on the preliminary results from Davidson et al. (2013) during the 
2015 and 2016 floods, returning to some of the previous locations. I collected groundwater 
samples from actively flowing relief wells and the river during the 2015 flood, and from the 
river, relief wells, and sand boils during the 2016 flood. Geochemical tools included temperature, 
conductivity, redox potential, anions, cations (including trace metals), tritium, and stable isotopes 
of oxygen, hydrogen, and strontium. Tritium can often be used to determine the residence times 
of water, distinguish flow pathways, or provide insights into the dynamics of subsurface flow 
over time. Strontium isotopes are useful in determining the provenance of the water or 
interaction of water with variable mineralogy. Stable oxygen and hydrogen isotopes can also be 
useful in differentiating water of differing provenance, or identifying and quantifying processes 
such as evaporation of source water prior to recharge. 
         The goal of this research is to obtain a better understanding of the pathways and 
geochemical evolution of water flowing underneath the Mississippi River Levee during flood 
stage, with the potential for improving identification of areas of higher vulnerability to levee 
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failure. This thesis explores the following objectives: (1) using chemistry and isotopes to 
differentiate deep versus shallow flow paths beneath the levees, (2) improving understanding of 
the geochemical evolution along the different flow pathways, (3) estimating residence times for 
water traveling via deep and shallow flow pathways, and (4) potentially allowing the rapid 
assessment of relative risk using the presence or absence of iron-precipitates at specific discharge 
locations. 
1.2 Piping and Formation of Sand Boils 
  
         In the Mississippi River Valley, levees are typically built on floodplain deposits away 
from the active channel to increase the storage capacity of an overflowing channel during larger 
flows (Mansur et al., 2000). During flood stage, water levels on the riverside rise higher than on 
the adjacent land surface. The elevated hydraulic head pushes water through the banks and 
underneath the levees to the land side. Flat-lying floodplain deposits form a low permeability cap 
that limits upward seepage to the landward ground surface (Figure 2). Sand boils occur when 
water and sediment find or force a conduit to the surface. Conduits can be created by crayfish 
holes and other animal burrows, decay or uprooting of vegetation, thin surface strata, crevasses, 
shrinkage cracks, and anthropogenic holes (Kolb, 1975; Mansur et al., 2000; Turnbull and 
Mansur, 1954). Turnbull and Mansur (1961) noted if the hydrostatic pressures in the substratum 
landside of the levee exceed the weight of the overlying sediments, the excess pressure can cause 
the upper strata to heave and break at weak spots, resulting in concentrated underseepage and 
flow to the surface (Ozkan, 2003).  
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Figure 2. A multi-parameter water quality probe (Hydrolab) shown inserted 50 cm into the 
opening of a discharging sand boil. 
 
         Formation of sand boils is more prevalent when the levee lies over point bar deposits 
(Martin et al., 2017). Point bar deposits are coarser grained and have a lower resistance to flow. 
Sand boils are even more common at the intersection of sand bar and channel fill deposits, 
particularly when crossing beneath a levee at an oblique angle (Kolb, 1975; Turnbull and 
Mansur, 1961; USACE, 1956). Other common places piping or sand boils happen are where the 
edges of clay- or silt-filled swales or channels intertwine with sand ridges beneath the levee 
(Mansur et al., 2000). 
         Piping beneath a levee is not the only hazard created by underseepage. Seepage through 
the body of the levee saturates the levee pores, reducing the stability of the land-side slope of the 
levee which can result in slumping as a mode of failure (Mansur et al., 2000). Most of the 
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modern day failures of levees and dams result from piping and/or slumping of the levee face 
(Middlebrooks and Jervis, 1947; USACE, 1956; Ozkan, 2003). 
         Shallow, open conduits are of greater concern because they are more prone to collapse 
(Drumm et al., 1990). Methods used to control piping, sand boil formation, and underseepage are 
construction or installation of landside berms, relief wells, impervious riverside blankets, 
drainage blankets, sublevees, and cutoffs. Landside berms and relief wells are mainly used in the 
Vicksburg area and the Lower Mississippi River Valley. The purpose of the berm is to strengthen 
the top stratum by adding weight to offset the existing upward hydraulic pressure, increase the 
base width of the levee, and move persistent piping and sand boils further away from the levee 
(Mansur and Kaufman, 1957). Relief wells reduce the hydrostatic pressure landward of the levee 
to provide a controlled outlet for seepage and prevent the erosion or heave of topsoil (Mansur 
and Kaufman, 1957; Mansur et al., 2000). 
1.3 Geochemistry 
  
1.3.1 General aqueous chemistry 
  
         In uncontaminated systems, the major ion and trace metal concentration of groundwater 
will be a result of geochemical interactions including weathering, adsorption, ion exchange, and 
redox reactions. There have been many studies that have made use of aqueous geochemistry to 
determine the source and evolution of groundwater. An example of such a study in the MRVAA 
was recently performed by Borrok and Broussard (2016).  Ratios of Na and Cl were used to 
identify sources of high TDS in the MRVAA in Louisiana, where it was also suspected that deep 
brines were leaking upward into the shallow aquifer. Brines derived from halite dissolution have 
a Na/Cl ratio close to 1. Precipitation influenced by coastal processes (e.g. sea spray) has a Na/Cl 
ratio of approximately 0.8, similar to seawater. Na/Cl ratios identified distinct geochemical 
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zones, with evidence of upwelling brines in particular locations.   
Ratios of Cl/Br also serve as a common tool for distinguishing groundwater provenance 
(though it did not prove useful in the present study). Chloride and bromide have relatively 
uniform concentration in ocean water (Fontes et al., 1986; Whittemore, 1988; Davis et al., 1998). 
Neither Cl or Br takes place in significant ion exchange reactions at low temperatures, nor do 
they absorbed onto mineral surfaces. Also, they are highly soluble making these elements only 
able to form minerals during extreme evaporative conditions when halite begins to precipitate, 
making Cl/Br a conservative tracer in groundwater studies (Fontes and Matray, 1993; Herczeg et 
al., 2001; Cartwright et al., 2006). Cl/Br ratios have been used as a tracer to determine the origin 
and evolution of groundwater, surface water, and brines in oil and gas exploration (Rittenhouse, 
1967; Carpenter, 1978; Freeman, 2007) identifying the groundwater flow pathways (Fontes et 
al., 1986; Lehmann et al., 1993; Park et al., 2002).  
1.3.2  Arsenic 
        Arsenic is mostly concentrated in sulfide-bearing mineral deposits, especially deposits 
associated with gold mineralization. Arsenic concentrations have a strong affinity for pyrite and 
tend to be concentrated in hydrous iron oxides (Nordstrom and Archer, 2002). The solubility of 
As in groundwater depends on pH, oxidation-reduction potential, temperature, and solution 
composition (Smedley and Kinniburgh, 2002). High As concentrations tend to occur in 
geothermal groundwaters (Gooch and Whitfield, 1988). Mineral extraction, waste processing, 
feed additives, pesticides, and highly soluble arsenic trioxide stockpiles are anthropogenic 
sources of As and are common sources of groundwater and soil contamination. Natural As 
concentrations above 10 μg/L of the drinking standards are not uncommon to find in 
groundwater (Nordstrom, 2002). 
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         Significant contributors of As in source waters are organic-rich or black shales, Holocene 
alluvial sediments with slow flushing rates, mineralized and mined areas, volcanogenic sources, 
and thermal springs (Webster and Nordstrom, 2003). Environments such as a closed basin in 
arid- to-semi-arid climates and strongly reducing aquifers that are often composed of alluvial 
sediments consisting of low sulfate concentrations can lead to high As. Young sediments in low-
lying regions of low hydraulic gradients are typical of arsenic-rich aquifers. High dissolved As 
(>50 μg/L) can rise from ordinary sediment that contains 1 to 20 mg/kg if triggered by an 
increase in pH above 8.5 or from onset of reductive iron dissolution (Smedley and Kinniburgh, 
2002). The MRVAA is typical of an environment of low lying regions with low hydraulic 
gradients and high dissolved As concentrations. 
         Additional factors contributing to As solubility are high concentrations of phosphate, 
bicarbonate, silicate, or organic matter present in groundwater. These solutes decrease or inhibit 
the adsorption of arsenate and arsenite ions onto fine-grained clays, especially from iron oxides. 
Arsenate (AsO4
3-) adsorbs more strongly than arsenite (AsO2
-) indicating arsenite is present at 
higher concentrations (Kolker et al., 2003). The oxidation and dissolution of arsenian pyrite, 
Fe(As,S)2, and arsenopyrite, FeAsS, are other processes that lead to increased concentrations of 
dissolved As (Welch et al., 2000). Oxidation of As can happen naturally from infiltrating 
oxygenated ground waters or through lowering of the groundwater table from well water 
pumping into a stratigraphic zone containing arsenic-rich sulfides (Mueller and Saphr, 2006; 
Schreiber et al., 2000).  
Research conducted by Kreese and Fazio (2003) studied the occurrence and transport of 
As in Arkansas groundwaters. Factors that influence the concentration and speciation of As, 
include pH, redox potential, presence of competing ions at sorption sites, microbial activity, and 
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soil components (e.g., clays, carbonaceous materials, iron oxides, aluminum, and manganeses) 
(USEPA, 2002; Kreese and Fazio, 2003). Redox reactions control As concentrations by affecting 
As speciation and the reduction of metal oxides which absorb or precipitate as As (Kreese and 
Fazio, 2003). They used tools such as field tracer experiments were conducted to demonstrate to 
what extent that groundwater chemistry influences the mobility of As (Mahon and Poynter, 
1993). 
1.3.3  Iron and Manganese 
 
         Iron is a redox sensitive element, commonly found in natural waters in reduced form as 
Fe2+ (ferrous) or in oxidized form as Fe3+ (ferric). Ferrous iron is much more soluble and mobile, 
though also forms stable iron sulfide minerals in the presence of elevated dissolved sulfur under 
anoxic conditions. In the presence of oxygen, iron readily precipitates from solution as iron 
oxides and hydroxides (Kendall and McDonnell, 1998). Ferric iron reduction is partially 
dependent on the crystalline form of solid Fe3+ present in the system, making it difficult to 
distinguish between Fe3+ reduction and SO4
2- reduction in ground water (Jakobsen et al., 1998). 
         Geology is an important factor in determining the importance of oxic and anoxic redox 
processes. Geological factors such as sediment source and depositional environment can 
influence the availability of natural electron acceptors and donors in the subsurface (McMahon 
and Chapelle, 2008). Alluvial fans and fluvial environments have abundant Fe3+ to support iron 
reduction; however, oxic conditions can persist along flow paths in these aquifers because 
deposits typically lack the electron donors that are needed to support oxidation reactions 
(Winograd and Robertson, 1982; McMahon et al., 2004). 
Manganese is also a redox sensitive element, with aqueous chemistry closely linked to 
iron chemistry. Reduced Mn (Mn2+) is also more soluble than its oxidized form (Mn4+), which 
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readily forms solid Mn-oxides. Manganese occurs naturally in alluvial aquifers from soils and 
rocks containing limestone, dolomite, and gypsum, with small amounts from metamorphic and 
igneous rocks (Heath, 1983; Hem, 1985; USEPA, 1977, 1986, and 1987). In alluvial aquifers, 
such as the MRVAA, redox reactions that take place in the subsurface between organic matter 
and dissolved O2 and NO3, but, when conditions become more reducing, other electron 
acceptors, Mn or iron oxyhydroxides, or sulfate, can be used (Kedziorek and Bourg, 2009). 
Petrunic et al. (2005) used a column-study to investigate what factors control elevated 
Mn concentrations observed in a groundwater during bank infiltration. The PHREEQC model for 
geochemical speciation and reactive-transport was used to link aqueous geochemical reactions 
with one dimensional transport. Two controls were determined on the Mn concentration for their 
system; cation-exchange reactions and microbial mediated reductive dissolution of Mn oxides. 
Cation concentrations (e.g., Ca, K, Na, Mg, and Mn) were initially transient in the effluent from 
both sand column experiments, and had trends consistent with cation-exchange. After about a 
month, the effluent cation concentrations reached influent concentrations, except for Mn, 
suggesting that cation-exchange capacity had been reached for the other ions. Manganese 
remained elevated in effluent, leading the researches to argue that Mn2+ was released from the 
sediments through microbially-mediated reductive dissolution of Mn oxides. 
 
1.3.3 O and H Isotopes 
  
         O and H isotopes help with differentiating between different sources and processes. 
Maloszewski et al. (1987) provide a good example of the utility of O isotopes for determining 
provenance. The oxygen-isotopic signatures of samples collected from wells situated between 
two adjacent rivers, the Iller and Weihung Rivers in Germany, were used to quantify the 
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proportion of groundwater derived from each river, and changes over time as discharge in each 
river changed.   
Oxygen and hydrogen isotopes can also be used to estimate how much water has 
evaporated prior to infiltration. Clark (1987) provides an example from Oman. Oxygen and 
hydrogen isotopic signatures of samples collected from precipitation and runoff during two 
summer storm events reflected strong evidence of evaporation, while samples collected during a 
winter rain event showed little evidence of evaporation and plotted close to the local meteoric 
water line. Deep groundwater in this region shows little evaporative enrichment, proving 
evidence of recharge dominated by precipitation from the winter months. Shallow groundwater 
in the alluvial aquifers along the wadi channels had isotopic signatures reflecting greater 
evaporation, suggesting recharged by the summer rains.  
1.3.4 Tritium 
          
Tritium is a radioactive isotope of hydrogen with a half-life of 12.43 years. It is produced 
by natural processes in the atmosphere, and was produced at much higher concentrations by 
atmospheric testing of nuclear bombs. It is not produced in water after infiltration into the soil, 
making it a potentially useful tracer for recharge events and estimating residence times of water 
recharged in the last 50 years.  Groundwater in regions near nuclear testing sites still contains 
measurable “bomb” tritium, though in most other areas of the world, dilution and decay have 
reduced tritium to levels indistinguishable from natural production (IAEA,1991; Faure, 1986, 
Gonthier, 2003).  
1.3.5 Strontium 
 
         Strontium isotopes and trace-metal concentrations have been used in many different 
groundwater studies. As one example, Chabaux et al. (2011) applied Sr isotopes to understand 
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possible connections between springs, lakes, and saline groundwater in Siberia. Measured 
87Sr/86Sr ratios indicated that variable salinity in surface water could not be accounted for by 
simple mixing of fresh and deeper saline water. Weathering and other geochemical processes 
were at work in the subsurface, resulting in a greater range of chemical variability in downstream 
surface waters.  
 Another pertinent example is provided by Schaffhauser et al. (2014). Sr isotopes were 
used to trace water pathways in the small Ringelbach catchment in the Vosges Mountains, 
France. Investigators determined the Sr-geochemical differences of water interacting with local 
sandstone and granite, as well as the spatial variations in the Sr-isotopic compositions of 
discharging springs. Strontium isotopic ratios proved useful for differentiating springs 
discharging water from different lithologies (Schaffhauser et al., 2014; Tricca et al., 1999). 
Results revealed that Ringelbach catchment springs are mainly supplied by waters from shallow 
water reservoirs that primarily flow through granitic sands.  
1.3.6 Underseepage at Dams or Levees 
  
         Geochemical investigations of seepage beneath manmade control structures have been 
limited primarily to dams. Peng and Wang (2008) conducted a study on excessive seepage in the 
Xin-Shan reservoir, Taiwan, an earthen dam built in 1980. Seepage in earthen dams is not an 
abnormal process because it is drained by filters that are built into the dam, but the Xin-Shan 
dam had seepage at a higher than designed rate (Lee et al., 2005). Excessive seepage can cause 
piping, which can lead to dam failure (Malkawi and Al-Seriadeh, 2000; Rozycki et al., 2006). 
They used stable oxygen and hydrogen isotopes, and tritium to differentiate water entering the 
dam from the reservoir versus precipitation on or near the dam that discharged through the dam’s 
filter drainage system. 
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         There were different isotopic signatures from infiltration of local precipitation versus 
reservoir water. Contributions to the reservoir water are from both the reservoir and from locally 
infiltrated precipitation events. These contributions varied seasonally, but overall, the greater 
contributions that were seen from the isotopic signatures of the discharge from the filter drainage 
were from local precipitation. Water that sits in the reservoir should have longer residence times 
(lower tritium), while local precipitation events are more variable and should reflect shorter 
residence times (higher tritium). The seepage water reflected variable conditions and higher 
tritium values, indicating discharge primarily from precipitation infiltrated close to the dam. 
Petitta et al. (2010) conducted a study on river and groundwater interactions within and 
around the Scanno landslide in the Central Apennines. This Quaternary landslide dammed the 
Tasso River and created the Scanno Lake (Espositio et al., 2013). A rockslide covered a 3.6 km 
stretch of river by filling a low lying area overlying low permeability bedrock. The rockslide 
developed its own shallow aquifer. The possible sources of water in the landslide aquifer is 
primarily from the lake and direct precipitation. Springs discharge from the dam and the 
carbonate bedrock downstream. 
         General chemistry and stable isotopes were used to differentiate flow paths and relative 
contributions from the landslide aquifer and the deeper carbonate aquifer. Carbonate 
groundwater had a unique chemical and isotopic signature relative to the lake and landslide 
aquifer. Results showed relative contributions from the two sources varied seasonally, with 
greater contributions from the landslide aquifer during periods of increased precipitation. 
1.4 Previous Work from 2011 Flood 
  
         A preliminary study was conducted at my study site near the end of the 2011 Mississippi 
River flood, to determine if the aqueous geochemistry of discharged water from sand boils and 
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relief wells could be used to distinguish different flow pathways beneath the levee. Following an 
initial day of sampling for cations and trace metals, the water level dropped and sand boils 
stopped flowing, preventing a more complete sampling of geochemical parameters. The trace 
metal concentrations were sufficient, however, to reveal unique geochemical signatures for two 
groups of sand boils. One set of sand boils represented shallow pathways through underlying 
sand bar deposits, and the other set associated with deeper flow pathways under fine-grained 
channel fill deposits that brought deeper anoxic waters to the surface (Davidson et al., 2013). 
Two sand boils grouped with water closely linked with the flowing relief wells. The 
sampled relief wells preferentially discharged water from the deeper zones, characterized by high 
dissolved Fe, Mn, and As. The remaining sand boils had compositions correlating more closely 
with river water. Sand boils that were located where the levee sits on thick channel fill deposits 
matched expectations of the discharged water correlating with water from relief wells because 
the flow is forced beneath fine-grained clay plugs reaching anoxic portions of the aquifer. The 
other sand boils occurred where the levee sat on sand bar deposits. Previous results show 
aqueous concentrations of discharge from sand boils do not fall along a simple mixing line of 
river and relief well water. Deducing the geochemical evolution of water traveling different 
routes beneath the levee was not possible using only cation and trace-metal analyses, which led 
to the current study using a broader spectrum of geochemical and isotopic tools. 
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2.0    SITE DESCRIPTION/GEOLOGY 
 
  
         The 2011-2016 study area is a 55 km stretch along the eastern side of the Mississippi 
River levee system north of Vicksburg, extending north to Mayersville, Mississippi (Figure 3). 
The MRVAA lies beneath the low, flat floodplain deposits of the Mississippi River Valley that 
ranges from 18 to 43 meters above sea level near Vicksburg, and is considered the largest, most 
crucial regional aquifer (Gonthier, 2003; Kleiss et al., 2000; Sharif et al., 2008). The MRVAA 
consists of Quaternary-age alluvial terrace deposits, unconsolidated gravel and coarse sand 
(graveliferous sand) in the lower portions of the aquifer (Brown, 1947). The upper portion of the 
aquifer is the Quaternary alluvium, which is the upper confining unit and is composed of a fining 
upward sequence of silts, clay (silty clays), and fine sands that obstructs the downward 
movement of water into the lower unit (Ausbrooks and Prior, 2008). The lower confining unit is 
composed of two different gradational lithologies of coarse sand and gravel that lies beneath clay 
and silt (Boswell et al., 1968), which hosts the Mississippi River alluvium. The Mississippi River 
alluvium, located in the lower part of the aquifer, contains mostly fine-grained igneous and 
metamorphic rocks, including, granite, diorite, gneiss, quartz, quartzite, and pebbles and grains 
of brown chert (Brown, 1947; Dockery et al., 2016). 
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Figure 3. Site area and sampling locations. Adapted from Kolb et al. (1975). 
 
      In the MRVAA, not all seepage beneath the levees are the same because the surficial 
geology influences the flow beneath the levee, and the levee overlies point bar deposits and 
abandoned channel, filled in plugs. The MRVAA is a geochemically stratified aquifer with low 
redox conditions deeper in the aquifer, which allows the potential to differentiate between flow 
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pathways. For example, abandoned channels tend to be deeper; thus, if river water flows 
underneath a channel deposits, then it must flow deeper (Figure 4). 
 
 
Figure 4. Cross-section showing near surface geology. Vertical exaggeration is approximately 
200X. Adapted from Kolb et al. (1975). 
 
2.1 Geologic History 
  
         During periods of glaciation, the MRVAA was deposited in a broad erosional stream 
valley formed by a preglacial drainage system (Fisk, 1944). As glacial water melted, the 
erosional stream valley was used as drainage for the melting water where coarse-grained detritus 
(sand and gravel) was transported and deposited in the valley by a braided, ancestral Mississippi 
River system (Fisk, 1944; USGS, 1990). The melt made sea and base levels rise causing the 
Mississippi River Valley level to rise from the deposition of detritus and sediment. 
Approximately 12,000 years ago, the ancestral braided Mississippi River turned into a 
meandering river as the sediment load and discharge reduced (Saucier, 1994; Gonthier, 2003). 
The aquifer geology currently is characterized by gravel and a coarse sand sequence with a finer 
sequence of sand, silt, and clays on top that were deposited by the meandering system (USGS, 
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1990). The finer braided sequence of silts and clays is known as the confining unit (Dalsin, 1978; 
USGS, 1990). 
         When sea levels rose, the Mississippi River Valley aggraded and alluvial deposits began 
to fill the valley during the Pleistocene and early Holocene period (USGS, 1990; Gonthier, 
2003). An entrenchment that adjoined into the valley fill formed when the Mississippi River base 
level lowered from declining sea levels. This cyclical process of continuous base and sea level 
changes allowed stream terraces deposits to form along with the erosional terraces from 
sequential entrenchment stages (Krinitzsky and Wire, 1964; USGS, 1990). Thick, wind-
transported loess deposits from braided streams that carry silt-rich, glacial melt water overlies the 
terraces (USGS, 1990). 
         Currently the Mississippi River is composed of flood-plain depositional features such as, 
point bar deposits, natural levees, crevasse splays, oxbow lakes, backswamps, and alluvial fans 
(Kolb, 1975). Meandering streams form from secondary flow of surface water as it moves 
downstream. These streams shift their positions by eroding outer banks of meander bends, 
transporting the eroded, sandy sediment, and depositing it on the inside section of downstream 
meander bends (USGS, 1990; Mahon and Ludwig, 1990). Point bar deposits are coarse at the 
base and fine upward (USGS, 1990) and form on the insides of bends as the bends meander 
(Kolb, 1975). Natural levees form upward and slope away from either side of the floodplain 
when flood waters rise above the banks (Turnbull and Mansur, 1954; USGS, 1990). The water 
deposits sediments, such as sand and mud, in bands that parallel the stream channel. Crevasse 
splays are created when a levee is breached and river water flows out to the flood plain 
depositing sediment in a similar pattern as an alluvial fan (USGS, 1990). Backswamps are low-
lying depressions that overlie silt and clays and covered by water for long periods of time 
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(USACE, 1956; Kolb, 1975). Oxbow lakes form when the mainstream of the river cuts off the 
narrow end and no longer allows water to flow around the loop of the meander bend, shortening 
the river. As a result, a crescent shaped bend forms an enclosed lake that fills with clay sediment 
(USGS, 1990). Alluvial fans form where smaller streams enter the valley and deposit sediment 
onto the floodplain. Eventually surface water depth and velocity reduces leaving coarse detritus 
in a fan shape USGS (1990). 
2.2 Aquifer Properties/ Geology 
  
2.2.1 Surficial Aquifer 
  
         The surficial aquifer system is generally under unconfined conditions and is known to 
yield large volumes of water, especially where the saturated thickness of the aquifer is large, and 
is characterized by a fining upward sequence of basal gravel to sand (Sharif et al., 2008). The 
majority of the aquifer system in this region consists of unconsolidated to poorly consolidated 
sediment strata of gravel, sand, clay, and possibly limestone of Cretaceous to Holocene age 
(Gonthier, 1993). Recharge to the aquifer is primarily from precipitation that falls on alluvial 
deposits, runoff from adjacent slopes, upward flow from aquifers underlying the alluvial aquifer, 
and infiltration from streams during high water events (USGS, 1990). This aquifer is 
hydraulically connected with many rivers and streams that cross the Mississippi alluvial plain. 
The major rivers that drain the MRVAA are the Mississippi, St. Francis, White, Arkansas, 
Yazoo, Ouachita, and Boeuf (Ackerman, 1996). 
         The MRVA aquifer consists primarily of unconsolidated, fine-to-medium grained quartz, 
interbedded with sandy limestone, and sandy clay (Drever, 1988). It also contains minerals such 
as, dolomite, fluorite, iron sulfides, low amounts of sulfur, and calcite (Brown, 1947; Dockery et 
al., 2016). Deeper zones of the aquifer result in dissolution mainly from limestone, dolomite, and 
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gypsum (Boswell et al., 1968).The basal portion of the aquifer is mostly composed of coarse 
sand and gravel, which the gravel is mostly chert. 
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3.0 SAMPLING AND METHODS 
  
3.1 Sampling and Analyses 
 
         Water samples were collected during the 2015 flood from the river and flowing relief 
wells. Peak flood stage was relatively low (minor flood stage: greater than 43 feet at Vicksburg), 
and no sand boils were actively flowing. Flood stage remained high enough, however, to repeat 
sampling from two relief wells after 23 days of continuous flow. Samples during the higher-stage 
(major flood stage: greater than 50 feet) 2016 flood, which was 6 months apart from the previous 
flood event, included river, flowing relief wells, and sand boil discharge. Six out of ten relief 
wells from 2011 and 2015 were resampled in 2016 to characterize any changes over time. Water 
from the relief wells discharged clear, but readily formed iron oxide precipitates once exposed to 
the atmosphere. In 2016, all the 2011 sand boils were either covered by berm expansion, or had 
ceased flowing, although new sand boils were found nearby (Figure 5).  
In 2011, ten sand boils discharged water the remained clear, and two formed red-
brownish precipitates in contact with the atmosphere, similar to the relief wells (Table 1). Seven 
discharging sand boils were sampled in 2016. Two sand boils (SB-15A and SB-16A) were 
sampled again approximately one week later to assess the possibility of changes over that time 
scale. One pin boil was sampled during the 2015 flood event at Buck Chute. A pin boil is a small 
opening discharging water with minimal transport of sediment. When flood levels increase, pin 
boils usually form into sand boils, which can pipe material to the surface (Kolb, 1975).  
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Sample collection and analyses in 2015 and 2016 included bulk chemistry (cations and 
anions), trace metals, tritium, and isotopic ratios of strontium, hydrogen, and oxygen. Field 
measurements included temperature, pH, conductivity, oxidation-reduction potential, dissolved 
oxygen content, alkalinity, and the concentrations of reduced iron and sulfur. Sample bottles 
were marked with the ID, location, and date. Sample IDs used the initials RV: river, SB: sand 
boils, RW: relief wells, PZ: shallow groundwater piezometer samples, and IW: irrigation well 
(2011 only). 
         The surface conduit of some sand boils was wide and deep enough to allow insertion of a 
multi-parameter water quality as much as a meter beneath the surface. When the conduit was too 
small for the probe, a tube was inserted a minimum of 20 cm, and water extracted before 
exposure to the air using a peristaltic pump. Water was passed through a 0.45 micron in-line 
filter and flow-through cell encasing the multi-parameter probe. On-site measurements in relief 
wells were made near the top and bottom of each well. Samples were collected by lowering the 
collection tube to within two meters of the bottom of the well (approximately 25 m depth). All 
samples were passed through disposable, high capacity, in-line 0.45-micron filters. Blanks and 
duplicates were collected and analyzed quality assurance and quality control (QA/QC). Blanks 
were collected by running ultra-high purity water through tubing and fresh filters to determine if 
there was any contribution (especially for trace metals) from the equipment used. Duplicates 
were collected from selected relief wells each day of sampling.  
 Because relief wells are screened over most of their depth (Mansur and Kaufman, 1957; 
USACE, 1956; Wolff, 2002), several were also sampled from near the top to determine the 
degree to which shallow water might be contributing to the discharge. River samples were 
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collected using a pole to extend the peristaltic intake tubing two meters into the river from the 
water’s edge.  
         Ferrous iron and sulfide were measured on site using a portable spectrophotometer from 
Chemetrics. If dilutions were necessary, high-purity deaerated water was used. Alkalinity was 
measured in the field by titration with 1.6 N sulfuric acid, using a HACH digital titrimeter. 
Titrations were plotted using the Gran Function method. 
         Anion, tritium, and oxygen and hydrogen isotope samples were filtered and unacidified. 
Cation, iron isotope and strontium isotope samples were filtered and acidified with trace-metal 
grade nitric acid to a pH less than 2. 
         δ18O and δ2H isotopes were analyzed at the University of Arkansas using stable isotopic 
ratio mass spectrometry (IR-MS). Tritium was analyzed at the University of Miami by gas 
proportional counting with electrolytic enrichment to obtain higher precision. Cations, anions, 
and trace metals were analyzed by the University of Louisiana-Lafayette (ULL). Anions are 
analyzed using ion chromatography (IC); bulk cations by inductively coupled plasma optical 
emission spectrometry (ICP-OES), and trace metals by inductively coupled plasma mass 
spectrometry (ICP-MS). Sr isotope samples were sent to Dr. Ma at the University of Texas, El 
Paso (UTEP) to be separated, purified, and analyzed. 
         Tritium concentrations are measured in tritium units (TU); a tritium unit is 
equivalent to 1 tritium atom for every 1018 hydrogen atoms (Gonthier, 2003). The isotopic 
composition of 2H/1H and 18O/16O are expressed in permil units (parts per thousand) relative to 
the international standard, Vienna Standard Mean Ocean Water (VSMOW). The more enriched a 
groundwater sample is with 2H and 18O, the greater the permil value will be for that water 
sample. Modern ocean water usually has 2H and 18O values close to zero, relative to VSMOW. 
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Most precipitation and groundwater samples have negative δ2H and δ18O values, relative to 
VSMOW (Gonthier, 2003).  
         The separation and analysis of the strontium isotopes was performed in a clean room at 
UTEP. The analytical procedures for the isotopes was conducted using column chemistry 
(Ramos et al., 2004). The iron columns including the preparation and cleanup took 
approximately six hours. Instrumental accuracy was checked against the NIST SRM-987 
strontium standard, with a reported 87Sr/86Sr value of 0.710248.  
3.2 Calculation of Evaporative Enrichment of River Water 
The degree of evaporation of infiltrating water was calculated using equation (1) (Clark 
1987). 
𝑓 = 𝑒𝑥𝑝(
δ18Ogw−δ
18Oprec
ε18Ototal
)  [1] 
 
 where f is the residual water fraction, δ18Ogw – δ18Oprec is the difference between the δ18O 
of groundwater and the meteoric water line, and ε18Ototal is the kinetic fractionation factor for a 
particular relative humidity. Relative humidity can be estimated from the slope of the 
groundwater isotope data (Gonfiantini, 1986). 
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4.0 RESULTS 
  
4.1 General water-quality parameters, ferrous iron, and sulfide 
  
         Table 1 shows individual results for temperature, conductivity, pH, redox potential, and 
dissolved oxygen, plus field-measured ferrous iron and sulfide concentrations. Table 2 provides 
summary data, with ranges and average values for river, relief wells, shallow groundwater, and 
sand boils. Sand boils are sub-divided into suspected deep and shallow flow pathways based on 
ferrous-iron content. Several observations can be made from Table 2. Relative to deeper-pathway 
sand-boil discharge, the shallow pathway sand-boil samples have higher average temperatures, 
redox potential, and dissolved oxygen, and lower pH. (They also have much lower ferrous iron, 
though this was the criteria initially used to differentiate the two sample groups.) Conductivity 
did not vary significantly with presumed flow pathway. Relief well data aligns more closely with 
the deeper-pathway sand boils, including ferrous iron. Shallow-pathway sand boils were more 
similar to the shallow groundwater samples collected in 2017. 
Data from measurements made at different depths in flowing relief wells in 2016 are 
shown in Table 1. Redox potential, temperature, and conductivity did not vary substantially with 
depth. Oxygen and hydrogen isotopes varied over time and location, but did not show a 
consistent pattern or difference associated with depth of sampling in the relief wells. 
 Ferrous iron is much more soluble. Figure 5(A) shows a nearly linear relationship 
between total Fe and Fe2+, giving confidence in the accuracy of the field-measured Fe2+ 
concentrations. Figure 5(B) likewise shows an expected inverse (and non-linear) relationship 
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between redox potential and dissolved Fe. The relief wells group with the deep flow pathway 
sand boils, where virtually all the iron measured is Fe2+.  
Table 1. Field measurements for the 2015 and 2016 flood event. RV: river, SB: sand boil, RW: 
relief well, PZ: shallow groundwater piezometer samples, blank cells: not measured due to 
equipment malfunction; bd: below detection. Visible iron (Y/N) is whether iron-oxide 
precipitates were visible around the point of discharge. Last six digits of sample IDs are 
sampling dates (YYMMDD). 
 
 
 
 
 
 
 
Sample	IDs
Location
Well	
Depth	
(m)
Sample	
depth	
(m)
Visible	
Iron
Temp.	
(	C	)
pH
Cond.	
(mS/cm)
DO
(ppm)
Eh	
(mV)
Fe2+	
(ppm)
S-	
(ppm)
RV-120-150709 Buck	Chute/Eagle	Lake 0.5 N 32.4 7.74 0.37 369
RV-7650-150729 Fitler 0.5 N 30.4 7.31 0.35 315 1.04 0.14
RV-130-160113 Buck	Chute/Eagle	Lake 0.5 N 7.7 7.56 0.22 10.15 294
RV-7130-160119 Mayersville 0.5 N 6.0 7.14 0.26 11.16 315 0.0 0.15
RW-28H-150709 Buck	Chute 27.3 1 Y
RW-28L-150709 Buck	Chute 27.3 23 Y 19.1 6.42 0.67 0.77 92 11.57 0.08
RW-28-150729 Buck	Chute 27.3 23 Y
RW-28-160114 Buck	Chute 27.3 23 Y 18.1 6.77 0.52 0.0 71 18.60 0.06
RW-6-97H-150709 Buck	Chute 23 1 Y
RW-6-97L-150709 Buck	Chute 23 20 Y 17.2 6.91 0.59 73 5.08 0.11
RW-6-97-150801 Buck	Chute 23 Y
RW-6-97-160113 Buck	Chute 23 Y 17.1 7.03 0.53 0.05 60 5.39 1.96
RW-125-150729 Fitler 25.3 22 Y 16.8 7.17 0.48 134 0.31 0.14
RW-125-160120 Fitler 25.3 22 Y 16.6 7.35 0.47 0.12 74 2.49 0.07
RW-131-150729 Fitler 24.5 21 Y 17.2 6.40 0.53 136 0.07 1.96
RW-131-160120 Fitler 24.5 22 Y 17.1 7.27 0.54 0.22 55 10.82 0.06
RW-A1-160120 Mayersville 27.5 23 Y 19.7 7.07 0.72 0.0 40 21.76 0.05
SB-6-97-150709 Buck	Chute	(pinboil) 0.04 N 18.8 6.30 0.52 0.31 117 0.06 0.06
SB-14D-160114 Eagle	Lake 0.2 Y 17.4 7.19 0.41 0.01 99 3.31 0.16
SB-15A-160114 Eagle	Lake 0.2 Y 16.8 7.10 0.40 0.01 76 5.25 0.10
SB-15A-160120 Eagle	Lake 0.2 Y 16.7 7.44 0.42 0.01 55 5.15 0.14
SB-16A-160114 Eagle	Lake 1.0 Y 17.1 7.00 0.40 0.05 70 6.44 0.09
SB-16A-160120 Eagle	Lake 1.0 Y 17.0 7.33 0.48 0.0 65 5.01 0.08
SB-17-160119 Mayersville 0.04 Y 16.8 6.80 0.46 0.52 130 6.30 0.13
SB-18-160119 Mayersville 1.0 N 20.7 6.67 0.20 1.75 428 0.0 0.12
SB-19-160119 Mayersville 0.3 N 19.3 6.63 0.65 0.00 279 0.0 0.10
PZ-140-170202 Buck	Chute 3.5 2.3 N 15.7 5.92 0.62 0.67 306 0.0 0.0
PZ-170-170202 Buck	Chute 4.9 2.64 N 16.1 6.60 0.40 0.59 287 0.0 0.0
PZ-7110-170202 Mayersville/Fitler 4.9 3.16 N 18.1 6.60 0.49 0.41 315 0.05 0.01
PZ-7140-170203 Mayersville/Fitler 5.9 3.15 N 17.3 6.30 0.50 0.46 313 0.0 0.07
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Table 2. Summary data of field measurements.  
 
Sample	Type Range Average Std. Dev. Range Average Std. Dev.
River 30.4-32.4 31.4 1.4 0.22-0.37 0.30 0.1
Relief	wells 16.6-19.7 17.7 1.1 0.47-0.67 0.56 0.1
Shallow	groundwater 15.7-18.1 16.8 1.1 287-315 0.50 0.1
Sand	boils	(all) 16.7-20.7 17.8 1.4 0.20-0.65 0.44 0.1
Sand	boils	(shallow	path) 19.3-20.7 20.0 1.0 0.20-0.65 0.42 1.2
Sand	boils	(deep	path) 16.7-19.7 17.2 0.7 0.40-0.52 0.44 0.0
Sample	Type Range Average Std. Dev. Range Average Std. Dev.
River 294-369 323 32 7.14-7.74 7.44 0.3
Relief	wells 40-136 82 33 6.40-7.35 6.93 0.3
Shallow	groundwater 287-315 305 13 5.92-6.60 6.36 0.4
Sand	boils	(all) 55-428 147 126 6.30-7.44 6.94 0.4
Sand	boils	(shallow	path) 279-428 354 105 6.63-6.67 6.65 0.0
Sand	boils	(deep	path) 55-130 87 28 6.30-7.44 7.02 0.4
Sample	Type Range Average Std. Dev. Range Average Std. Dev.
River 0.14-0.15 0.1 0.0 0-1.04 0.52 0.7
Relief	wells 0.05-1.96 0.5 0.8 0.07-21.76 8.5 7.8
Shallow	groundwater 0-0.07 0.0 0.0 0-0.05 0.0 0.0
Sand	boils	(all) 0.06-0.14 0.1 0.0 16.7-20.7 3.5 2.8
Sand	boils	(shallow	path) 0.10-0.12 0.1 0.0 0 0.0 0.0
Sand	boils	(deep	path) 0.06-0.14 0.1 0.0 0.06-6.44 4.5 2.2
Sample	Type Range Average Std. Dev.
River 10.15-11.16 10.7 0.7
Relief	wells 0-0.77 0.19 0.3
Shallow	groundwater 0.41-0.67 0.53 0.1
Sand	boils	(all) 0-1.75 0.30 0.6
Sand	boils	(shallow	path) 0-1.75 0.88 1.2
Sand	boils	(deep	path) 0-0.52 0.13 0.2
Dissolved	Oxygen	(ppm)
S-	(ppm)
Specific	Conductivity	(mS/cm)
Fe2+	(ppm)
Eh	(mV) pH
Temperature	(°C)
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Figure 5.  (A) Total Fe vs Fe2+ plot with the 1:1 line shown. The river, shallow groundwater, and 
shallow pathway sand boils all plot near the origin. (B) Oxidation-reduction potential vs total 
dissolved iron.  
 
4.2 Ions 
  
4.2.1 Cations and trace metals 
  
         Trace-metal cation concentrations for 2011 and 2016 flood data are located in Tables 3 
and 4, respectively. Internally within the 2011 flood, dominant cation concentrations were 
proportionally similar in river and relief well samples. Likewise, in the 2016 flood, the dominant 
cation concentrations were also proportionally similar in river and relief well samples. In both 
floods, the absolute concentrations in the relief wells were significantly higher than the river 
samples. The distribution of cations by mass for 2011 flood samples of Ca/Mg/Na averaged 
59/18/11% for relief wells and 57/18/19% for river samples, with K and Fe responsible for 
majority of the remaining percentages. Ca and Mg concentrations are about 2.5 times higher with 
Na being 1.5 times higher in relief wells relative to river water samples. The 2011 data does not 
show a distinct separation of shallow and deep sand boils on a ternary diagram, but we do see 
that the river water could be a potential end member (Figure 6A-B). The distributions of mass for 
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the 2016 flood data of Ca/Mg/Na are 48/22/24% for river samples and 54/23/16% for relief 
wells, with K and Fe also responsible for majority of the remaining percentages. Ca and Mg 
concentrations are about 1.1 times higher in relief wells relative to river water samples with Na 
being 1.5 times higher in river water relative to relief well samples. When the 2016 data was 
plotted on a ternary diagram, there are two distinct flow pathways, both starting with the river as 
one end member, and diverging along two different geochemical pathways ending in relief wells 
or shallow groundwater (Figure 6C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
29 
Table 3. 2011 flood elemental cation concentration data. RV: river, SB: sand boil, RW: relief 
well.   
 
  
As Ba Ca Fe K Mg Na Sr
Sample	IDs ppb ppb ppm ppb ppm ppm ppm ppm
RW-A1-2011 143 422 107 21700 5.64 29 26 630
RW-39-2011 2.5 508 83 8050 3.03 28 15 261
RW-A3-2011 190 520 115 21800 5.56 33 30 728
RW-76-2011 9.8 663 148 22100 5.65 38 12 818
RW-C40-2011 4.8 480 78 8200 3.70 27 15 253
RW-108-2011 3.7 217 68 6100 2.59 24 12 187
IW-1-2011 13 597 92 9510 3.41 32 18 323
SB-1-2011 32 341 110 9080 8.32 38 25 346
SB-2-2011 52 474 97 18800 3.07 33 20 310
SB-3-2011 <0.05 241 106 44 3.41 18 3 343
SB-4-2011 <0.05 146 73 31 3.22 21 12 162
SB-5-2011 0.35 268 174 28 1.02 44 18 559
SB-6-2011 0.06 181 94 5.9 2.62 28 12 243
SB-7-2011 <0.05 256 131 5.2 1.81 45 6 331
SB-8-2011 <0.05 245 136 <0.5 2.61 41 7 390
SB-9-2011 <0.05 179 80 <0.5 2.29 28 7 188
SB-10-2011 4.5 191 75 <0.5 3.39 28 6 376
SB-11-2011 0.17 168 98 15 1.34 35 17 339
SB-12-2011 0.40 229 101 0.8 2.12 36 21 227
RV1-2011 <0.05 70 36 30 2.91 11 12 145
RV2-2011 1.7 66 36 19 3 11 12 143
RV3-2011 1.9 67 37 19 3.02 12 12 144
RV4-2011 1.9 71 37 30 3.80 12 13 153
RV5-2011 <0.05 68 37 25 3.09 12 13 149
RV6-2011 0.63 68 38 26 3.61 12 13 148
Cations
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Table 4. RV: river, SB: sand boil, RW: relief well, PZ: shallow groundwater piezometer points, 
blank cells: not measured due to equipment malfunction; bd: below detection. 2016 flood 
elemental cation concentration data. Last six digits of sample IDs are sampling dates 
(YYMMDD).  
 
 
As Ba Ca Fe K Na Mg Sr
Sample	IDs ppb ppb ppm ppb ppm ppm ppm ppm
RV-120-150709 34.4 0.01 3.4 9.6
RV-7650-150729 34.5 0.01 3.6
RV-130-160113 41 50 31.0 0.01 3.2 9.0 8.7 0.12
RV-7130-160119 50 51 35.3 0.01 3.1 10.4 9.9 0.12
RW-28-150729 372 92.3 3.9 0.52
RW-28-160114 96 366 95.0 15.3 3.4 11.0 22.3 0.52
RW-6-97-150801 476 92.4 5.7 3.0
RW-6-97-160113 84 580 92.5 6.6 3.1 12.2 20.7 0.49
RW-125-150729 162 68.7 4.2 0.9 13 19 0.22
RW-125-160120 71 148 59.5 3.1 0.8 13.2 17.6 0.20
RW-131-150729 221 64 7.0 1.0 12.6
RW-131-160120 77 339 78.9 10.8 1.2 12.9 23.8 0.25
RW-A1-160120 198 359 109.5 25.2 4.7 28.0 26.9 0.59
SB-6-97-150709 245 7.9 2.5 15.2 0.36
SB-14D-160114 72 162 59.6 3.3 2.5 12.2 13.3 0.24
SB-15A-160114 67 277 60.5 5.7 1.9 12.5 13.6 0.22
SB-15A-160120 80 277 61.2 5.9 2.0 12.6 13.6 0.23
SB-16A-160114 85 304 76.0 7.5 2.6 12.1 16.7 0.37
SB-16A-160120 74 272 71.3 7.3 2.5 12.1 15.5 0.33
SB-17-160119 88 156 72.8 7.1 2.4 3.4 18.7 0.31
SB-18-160119 73 178 105.4 0.004 1.5 15.2 35.0 0.28
SB-19-160119 89 197 96.3 0.003 2.7 13.1 32.8 0.28
PZ-140-170202 bd 226.5 84.0 0.006 3.6 18.7 32.2 0.21
PZ-170-170202 bd 222.5 48.7 0.004 6.7 9.2 20.4 0.10
PZ-7110-170202 bd 137.5 68.8 0.001 0.6 13.1 21.6 0.15
PZ-7140-170203 bd 137.5 68.6 0.001 3.6 11.4 23.5 0.15
Cations
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Figure 6A. Ternary diagram of combined 2011 and 2016 cation concentrations for Ca, Na, and 
Mg (meq/L).  
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Figure 6B. Ternary diagram of 2011 cation concentrations for Ca, Na, and Mg (meq/L).  
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Figure 6C. Ternary diagram of 2016 cation concentrations for Ca, Na, and Mg (meq/L).  
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 Bivariate plots of several different cations are shown in Figure 7, comparing 2011 
(Davidson et al., 2013) and 2016 flood data. Cations such as Na and K are poorly correlated in 
both years. Shallow and deep pathway sand boils appear to cluster separately in the 2011 data, 
but not in 2016. Ca and Mg are more correlated overall, but also with no consistent separation 
between shallow and deep pathways. A clear separation is observed with redox sensitive 
elements. In plots of As vs Fe, shallow-pathway sand boils cluster with river water, and deeper-
pathway sand boils with relief wells. Shallow-pathway sand boil and river samples had lower Fe 
and As in 2011, but only lower Fe in 2016. Clear separation into two distinct groups or pathways 
is observed when Ba is plotted relative to Ca, particularly when normalized relative to Fe 
concentration (Figure 8). Shallow-pathway sand boils again plot with river, and deep-pathway 
sand boils with relief wells. 
4.2.2 Anions 
  
         Anions were only sampled during the 2015 and 2016 food events (Table 5 and 6). The 
average distributions by mass of the dominant anion concentrations of SO4/HCO3/Cl for river 
samples are 20/65/14% and 7/86/8% for relief wells. Alkalinity accounts for a majority of the 
distribution of mass for anions, which can also be seen in the ternary diagram (Figure 9). There 
is a separation where the river is one form of end member and relief wells are another. The 
shallow flow pathway sand boils and shallow groundwater piezometer samples are higher in SO4 
concentrations than deeper pathway sand boils and relief wells. There is a linear trend, but no 
clear separation in pathways. 
Chloride and fluoride concentrations from sand boils are higher relative to river and relief 
well samples. Chloride concentrations ranged from 3.9 to 26.9 ppm in relief wells, 12.8 to 14.9 
ppm in river water, and 1.2 to 21.5 ppm in sand boils. NO3 concentrations were below detection 
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(<0.02 ppm) in relief wells and ranged from 5.98 to 8.69 ppm in river water. SO4 and F are about 
1.5 and 2.5 times higher in relief wells relative to river water. HCO3 is approximately 3 times 
higher in relief wells relative to river water.  
4.3 Stable Isotopes Results 
  
4.3.1 O and H Isotopes 
  
         δ2H values range from -9.31 to -45.88‰ and δ18O values range from -0.99 to -8.91‰ 
(Table 7). The relief wells have a linear regression line of δ2H = 4.9 δ18O -9.3 (R2= 0.92) (Figure 
10), deviating significantly from the Global Meteoric Water Line (δD = 8.13 δ18O + 10.8; Clark 
and Fritz, 1997). Inclusion of the sand boils introduces greater scatter (R2 = 0.72), but with 
approximately the same best-fit line. 
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Figure 7. Bivariate plots for various cations. Plots on the left are from 2011. Plots on the right 
are from 2016.  
 
 
2011                                                2016 
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Figure 8. Bivariate plots of Ba and Ca normalized with respect to Fe (A) 2011 flood data from 
Davidson et al. (2013), (B) 2016 flood data. Note the scales are different for the two plots. 
Arrows indicate direction of geochemical-reaction pathways.  
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Table 5. RV: river, SB: sand boil, RW: relief well, PZ: shallow groundwater piezometer points, 
blank cells: not measured due to equipment malfunction; bd: below detection. 2016 flood 
elemental anion concentration data. Last six digits of sample IDs are sampling dates 
(YYMMDD). 
 
  
F Br Cl NO2 NO3	 SO4 HCO3
Sample	IDs ppm ppm ppm ppm ppm ppm ppm	(alk)
RV-120-150709 132
RV-7650-150729 28.6 140
RV-130-160113 0.11 12.8 4.00 6.0 26.2 111
RV-7130-160119 0.11 14.9 4.28 8.7 28.0 110
RW-28-150729 460
RW-28-160114 0.15 16.3 bd 423
RW-6-97-150801 0.24 bd 355
RW-6-97-160113 0.26 0.07 19.0 bd 4.0 350
RW-125-150729 0.33 18.9 234
RW-125-160120 0.34 18.6 bd 42.0 214
RW-131-150729 18.7 bd 274
RW-131-160120 0.21 26.9 bd 47.0 299
RW-A1-160120 0.18 0.08 3.9 583
SB-6-97-150709 0.18 21 31.0 255
SB-14D-160114 0.40 13.7 29.9 209
SB-15A-160114 0.43 21.2 35.0 218
SB-15A-160120 0.13 21.3 34.3 223
SB-16A-160114 0.49 0.07 20.9 17.7 301
SB-16A-160120 0.20 21.5 22.4 274
SB-17-160119 0.12 1.2 8.8 320
SB-18-160119 0.47 0.10 18.4 38.1 428
SB-19-160119 0.35 0.10 13.8 4.3 448
PZ-140-170202 0.61 25.6 2.0 86.7 279
PZ-170-170202 1.12 2.9 11.1 14.7 227
PZ-7110-170202 0.82 14.8 1.7 26.9 263
PZ-7140-170203 1.35 13.1 5.9 34.5 267
Anions
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Table 6. RV: river, SB: sand boil, RW: relief well, PZ: shallow groundwater piezometer points. 
TDS and charge balances of 2016 flood data. Last six digits of sample IDs are sampling dates 
(YYMMDD). 
 
 
TDS cations anions %
Sample	IDs ppm meq/L meq/L imbalance
RV-130-160113 325 2.74 2.91 -3.0
RV-7130-160119 220 3.12 3.05 1.2
RW-125-160120 386 5.22 5.07 1.4
RW-131-160120 512 7.14 6.82 2.2
RW-28-160114 625 8.01 7.62 2.5
RW-6-97-160113 524 7.32 6.60 5.2
RW-A1-160120 801 10.45 9.95 2.4
SB-14D-160114 364 4.89 4.60 3.0
SB-15A-160114 387 5.07 5.06 0.1
SB-15A-160120 394 5.12 5.12 0.0
SB-16A-160114 492 6.20 6.10 0.9
SB-16A-160120 443 5.84 5.74 0.9
SB-17-160119 438 5.86 5.66 1.8
SB-18-160119 647 8.85 8.60 1.4
SB-19-160119 619 8.18 8.09 0.5
PZ-140-170202 541 7.79 7.17 4.2
PZ-170-170202 351 4.71 4.35 4.0
PZ-7110-170202 420 5.82 5.36 4.1
PZ-7140-170203 436 5.98 5.63 3.0
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Figure 9. Ternary diagram of 2016 anion concentrations for Cl, Na, and Mg in meq/L. HCO3
 
accounts for most of the anion percentages for mass distribution.  
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Table 7. Stable isotopes: oxygen (δ18O), hydrogen (δ2H), and 87Sr/86Sr isotopic ratios. Last six 
digits of sample IDs are sampling dates (YYMMDD). 
 
 
Sample IDs
δ18O
(‰)
δ2H
(‰)
87Sr/86Sr
RV-120-150709 -5.7 -38.9 --
RV-7650-150729 -5.6 -39.0 --
RV-130-160113 -8.2 -43.7 0.71010
RV-7130-160119 -7.6 -43.3 0.71009
RW-28H-150709 -3.2 -27.2 --
RW-28L-150709 -2.3 -20.1 --
RW-28-150729 -3.0 -24.6 --
RW-28-160114 -3.7 -23.7 0.70884
RW-6-97H-150709 -5.2 -36.1 --
RW-6-97L-150709 -5.7 -39.7 --
RW-6-97-150801 -5.0 -35.1 --
RW-6-97-160113 -3.4 -29.9 0.70892
RW-125-150729 -6.9 -44.7 --
RW-125-160120 -6.9 -45.2 0.70924
RW-131-150729 -6.3 -43.1 --
RW-131-160120 -8.9 -45.9 0.70873
RW-A1-160120 -1.0 -9.3 0.70915
SB-6-97-150709 -5.9 -37.2 --
SB-14D-160114 -5.5 -39.2 0.70928
SB-15A-160114 -6.4 -45.4 0.70932
SB-15A-160120 -6.0 -44.0 0.70931
SB-16A-160114 -3.9 -34.9 0.70909
SB-16A-160120 -7.3 -35.6 0.70912
SB-17-160119 -5.5 -21.4 0.70976
SB-18-160119 -4.1 -33.0 0.70946
SB-19-160119 -2.8 -27.7 0.70891
PZ-140-170202 -5.2 -37.0 --
PZ-170-170202 -3.6 -19.4 --
PZ-7110-170202 -6.8 -43.0 --
PZ-7140-170203 -5.9 -44.7 --
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Figure 10. Plot of 2016 flood data of δ2H vs δ18O values with the Global Meteoric Water Line 
(GMWL), and a best-fit line through the relief wells. The analytical uncertainty for δ18O is 
±1.8‰ for one standard deviation. The analytical uncertainty for δ2H is ±9.5‰ for one standard 
deviation (error bars ≤ the size of the data markers). If the best-fit line is plotted for every data 
point, the equation is nearly the same, but the R2 value is 0.75.  
 
 
4.3.2 Sr Isotopes 
  
          Strontium isotope ratios range from 0.70873 to 0.71010 (Table 6). Binary plots of 
87Sr/86Sr plotted with Sr do not show a particular pattern (Figure 11). River water samples have 
fairly high strontium isotope ratios (~0.7100), indicating a greater radiogenic source. The relief 
wells have a large range of Sr and low 87Sr/86Sr ratios, reflecting contribution from different 
mineral phases or water residence times. 
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Figure 11. Bivariate plot of 87Sr/86Sr vs Sr. The analytical uncertainty for 87Sr/86Sr is ±0.00001 
for two standard deviations (error bars ≤ the size of the data markers). The average analytical 
uncertainty for Sr is ±0.1 ppm. 
 
4.4 Tritium 
  
         Tritium concentrations in river samples range from 10.5 TU to 5.19 TU, relief well 
samples range from 7.41 TU to 2.52 TU, and sand boil samples range from 6.74 TU to 2.27 TU 
(Table 7). Concentrations from sand boils believed to represent deeper pathways range from 2.27 
TU to 6.50 TU. Shallow pathway sand boils and shallow groundwater samples (2017 
piezometers) range from 2.73 TU to 8.28 TU. Some sand boil and relief well samples did not 
have substantial change between sampling dates, while others exhibited significant change. 
Significant differences happened in RW-6-97, RW-125 and SB-15A. Relief well RW-6-97 was 
6.72 TU in July 2015, and when sampled one week later (continuously flowing), the value 
dropped to 3.54 TU. Six months later (Jan 2016) when the relief well was flowing again, the 
value was essentially the same at 3.52 TU. Relief well RW-125 was 7.41 TU in July 2015 and 
dropped to 6.33 TU in January 2016. SB-15A was 6.50 TU in January 2016 and increased 
moderately when sampled a week later to 6.74 TU. Concentrations were greater in groundwater 
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from the Fitler (northern) area than the Buck Chute and Eagle Lake (southern) area. Overall, 
concentrations range from 2.27 TU to 10.5 TU. Tritium versus Fe shows a general trend of lower 
tritium with higher dissolved Fe, consistent with longer residence times along deeper flow 
pathways (Figure 12). 
Table 7. Tritium values separated into northern and southern sites. Columns labeled 3- and 1-
week refer to the time delay between an initial and repeated round of sampling in 2015 and 2016, 
respectively. Average analytical uncertainty (1) is ±0.29 TU for river water, ±0.15 TU for relief 
well samples, and ±0.17 TU for sand boil samples.  Last six digits of sample IDs are sampling 
dates (YYMMDD). 
 
 
RV-120/130 10.5 5.19
RW-131 6.44 6.22
RW-125 7.41 6.33
RW-A1 2.52
SB-17 2.27
SB-18 5.02
SB-19 6.21
PZ-7110 5.94
PZ-7140 8.28
RV-7650/7130 8.36 5.22
RW-28 3.22 2.84 2.96
RW-6-97 6.72 3.54 3.52
SB-6-97 3.46
SB-14D 5.24
SB-15A 6.50 6.74
SB-16A 4.59 5.00
PZ-140 6.06
PZ-170 2.73
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Figure 12. Tritium vs dissolved iron. Average analytical uncertainty  (1) is ±0.29 TU for river 
water, ±0.15 TU for relief well samples, and ±0.17 for sand boil samples. Iron has an average 
analytical uncertainty of ±0.01 ppm.  
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5.0 DISCUSSION 
  
5.1 Relief wells 
  
         Davidson et al. (2013) assumed the discharge from relief wells was mainly from the 
lower portion of the aquifer, even though the screened intervals of the relief wells are not limited 
to the deeper zones. Sampling or measurement of chemical parameters at different depths in 
flowing relief wells was not performed at the time. The assumption was consistent with the 
presence of high concentrations of reduced iron in the discharge water that precipitated upon 
contact with the atmosphere, indicating water coming mostly from the deeper anoxic zone. 
  It was also noted that the aquifer matrix becomes more coarse-grained with depth 
(Mansur and Kaufman, 1957; USACE, 1956; Wolff, 2002). Greater hydraulic conductivity in the 
deeper zones should result in a greater proportion of the water delivered to the well (Carlson, 
2006). Additionally, well efficiency diminishes over time due to the fine-grained material 
clogging the screened intervals of the wells. This is likely to impact the fine-grained shallower 
sediment to a greater degree, contributing still more to disproportional discharge from deeper 
portions of the aquifer (USACE, 1956). During the 2015 and 2016 flood, sampling and 
measurements made at intervals from the bottom to the top of the flowing relief wells confirmed 
that most of the water originated from the deeper zone. In situ measurements of temperature, 
redox potential, dissolved oxygen, and conductivity did not significantly change as a function of 
depth (Table 1). 
 
 
  
47 
5.2 Cation and As results from 2016 flood compared to 2011 flood 
  
Similar patterns were observed in cation concentrations for the two flood years. Figures  
7 and 8 repeat several graphs reported by Davidson et al. (2013) with adjacent plots from the 
2016 data. The major difference was the proportion of sampled sand boils associated with 
apparent deep vs shallow pathways. The 2011 flood had mostly shallow pathway sand boils with 
only two deeper ones.  At the time of flooding in both 2011 and 2016, sand boils were sampled 
wherever they were found. After collection, a geologic map (Fisk, 1944) (Figure 3) was 
consulted to determine the nature of surface deposits at each sand boil. The two sand boils in 
2011 identified as deep flow pathways (SB1 and SB2) were the only ones situated where the 
levee passed over channel fill deposits (Figures 7 and 8). All others were located at sandbar 
deposits. During the 2016 flood, most of the 2011 sand boils had been buried under levee 
enhancements. New sand boils were discovered that were not known to exist in 2011. Figure 3 
shows the 2016 sand boils (SB-18 and SB-19) sit on point bar deposits, consistent with shallow 
flow paths beneath the levee. All sand boils situated on ancient channel fill have water flowing 
deeper beneath the levee.  
Bivariate plots of cation concentrations are variably informative. There is no trend nor 
clear groupings when Na is plotted with K. One curious result, shown in Figure 7, is that some 
sand boils have lower Na and K concentrations than river water in both flood events. This may 
be a reflection of variation in river water over time, with higher concentrations associated with 
recharge at an earlier time.  
Ca and Mg show a fairly linear relationship with river water as one end member, and no 
clear separation between deep and shallow pathways during the 2011 flood event. However, 
there is possible separation of deep and shallow pathways distributed along different slopes in 
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2016. The 2016 data suggest that the deeper zone contains minerals with a higher Mg/Ca ratio, 
though not strongly supported by the 2011 results. 
As versus Fe show a clear separation with some low-valued sand boils clustering with 
river samples. The remaining high-valued sand boils cluster with relief wells (Figure 7). These 
redox sensitive elements do not fall along a mixing line. 
 Plots of Ba and Ca are particularly useful in identifying two distinct reaction pathways 
(Figure 13) because the data plots on two distinct trajectories, both starting with river water. 
Relief wells and deeper flow-path sand boils take on a higher Ba/Ca ratio relative to the shallow 
flow-path sand boils. Brown (1947) and Dockery et al. (2016) both mention different mineralogy 
in the upper and lower portions of the aquifer. Ca concentrations in the deeper portions of the 
aquifer result from the dissolution of almost all rocks and soils, but especially from limestone, 
dolomite, and gypsum (Boswell et al., 1968). The piezometer samples do not fall uniquely on 
either line. These were sampled in the year following the 2016 flood. The cause of the higher 
Ba/Ca ratios is not clear without additional study. 
 
Figure 13. Bivariate plot of Ba vs Ca for all sampling dates showing two distinct geochemical 
trajectories, both beginning with river water y	=	1.794x	+	9.8099	
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The distinct reaction pathways are further highlighted when Ba and Ca are normalized 
with respect to Fe. Both flood events plot with highly linear relationships. The absolute values 
for Ba/Fe are different between 2011 and 2016, but both plots have a spread of approximately 
four orders of magnitude (Figure 8). Ca/Fe has the same range of absolute values for both 2011 
and 2016. The difference in Ba/Fe values between the two floods may be due to variable sources 
of river recharge over time, or differences in residence time and weathering reactions sampled at 
the two dates. The shallow pathway sand boils do not lie between the river and relief wells as 
might be expected if falling along a mixing line between these end members. The position of 
sand boil data on the opposite side of the river samples is consistent with distinct reaction 
pathways, both beginning with river water, but then progressing through geochemically distinct 
zones in the aquifer. 
  Trilinear diagrams have the advantage of allowing comparisons with three elements (or 
groups) at a time rather than just two. Figure 6A is a trilinear diagram of Ca, Mg, and Na+K.  
There is no clear distinction of deep and shallow flow pathways when all the data is plotted on a 
single figure (Figure 6A), nor with the 2011 data (Figure 6B), but there are two apparent 
trajectories in the 2016 cation data with a river end member (Figure 6C).  
Overall, there are similarities between the 2011 and 2016 floods; for example, there are 
distinct reaction flow pathways with redox processes happening at various depths. Differences 
between the two flood events may be a reflection of variable river water composition derived 
from different parts of the massive Mississippi river drainage system.  
5.3 Ion chemistry: 2015-2017 
  
The anion data alone does not provide much additional information or unique patterns 
(Figure 9). The anion data do provide additional insights, however, when combined with cations, 
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either individually or corporately as TDS. Ba versus TDS and Mg versus TDS exhibit separate 
reaction pathways for deep and shallow flow paths. Higher TDS values in the deeper aquifer are 
reported by others, but not observed here. Figure 14 shows some of the highest TDS values are 
in the shallow system and similar TDS with depth.  
Ba versus SO4 suggests that maximum Ba and SO4 concentrations are limited by barite 
solubility (Figure 15). Barium sulfide has a low solubility, such that high barium results in lower 
sulfate and vice versa. One relief well, RW-6-97, lies above the barite saturation line.  
 
Figure 14. (A) Mg vs TDS, (B) Ca vs TDS, for all 2015-2017 sampling dates.  
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Figure 15. Ba vs SO4. The line represents barite saturation. 
 
5.4 Redox chemistry: 2015-2017 
  
 Fe, As, and Mn have variable concentrations, which is consistent with other studies of the 
MRVAA. Variability may be due to heterogeneous distribution of these elements in minerals of 
the aquifer, or the result of variable reductive dissolution of Fe and Mn oxides and release of 
adsorbed or co-precipitated arsenic (Gonthier, 2003; Kreese and Fazio, 2003; Sharif et al., 2008; 
Welch et al., 2000, 2009; Davidson et al., 2013). Davidson et al. (2013) speculated that under 
mildly oxic conditions in this aquifer, Fe oxides experience reductive dissolution while Mn 
oxides remain stable. At lower redox potentials, Mn oxides dissolve. If sulfate is present and 
sulfate reduction starts, Fe may begin to precipitate out as sulfide minerals with adsorption or co-
precipitation to arsenic (Davidson et al., 2013; Matsunaga et al., 1993; Petrunic et al., 2005).   
The 2016 results provide data to test speculations made in the 2011 study. Davidson et al. 
(2013) suggested that variable Fe, Mn, and S reduction might explain some of the As variability 
through co-precipitation, adsorption, and dissolution reactions, though anion data was not 
available to confirm. High sulfate and low sulfide concentrations measured in 2016, together 
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with Eh values all greater than 40 mV indicate that sulfate reduction is not significant. Relatively 
low Mn, and Eh values all below 500 mV suggest that Mn reduction is not playing a major role 
either. Variation in Eh between 40 and 400, however, is consistent with the hypothesis that redox 
conditions fluctuate in and out of the range Fe reduction. The upper portions of the aquifer, 
represented by shallow sand boils and river samples, range in Eh from 280 to 400 mV, where Fe 
is expected to be primarily found in oxidized forms and low in solubility. The deeper zones of 
the aquifer, represented by deep flowing sand boils and relief wells, range in Eh from 40 to 135 
mV, where Fe is expected to be found in reduced form, and the potential for high Fe2+ 
concentrations. Eh data are relatively evenly distributed over the range of measured values. At 
redox potential near the transition of Fe reduction, As concentrations may be expected to vary 
significantly as adsorption sites on Fe-oxide/hydroxides vary, and co-precipitated As is released 
during reductive dissolution of Fe-minerals. 
Figure 7, As versus Fe, shows separation between shallow and deep flow pathways for 
2011 data, but not as much in the subsequent flood data. A separation is still observed for Fe, and 
but As concentrations are distributed without a clear distinction between sample source. The 
difference between the two floods may simply be a result of the high degree of spatial and 
temporal variability in As concentrations observed in the MRVAA.  
 
5.5 Stable isotopes: δ18O, δ2H, 87Sr/86Sr 
  
5.5.1 δ18O and δ2H 
  
A plot of δ18O vs δ2H for relief wells and sand boils has a slope of approximately 4.9, 
which is lower than the global or local meteoric water line. A lower slope is often an indication 
of kinetic fractionation (greater for the oxygen isotopes than for hydrogen) that occurs during 
partial evaporation. The slope decreases with evaporation under decreasing relative humidity. A 
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slope of 4.9 corresponds to a relative humidity of ~65%, and a corresponding fractionation factor 
for δ18O of 7.1‰. The largest difference between the δ18O of groundwater and the meteroic 
water line (the most evaporated) is roughly 9‰. Plugged into equation 1, these data yield a 
residual water fraction of 0.82, indicating a maximum loss of 18% to evaporation. This likely 
reflects river water ponded in shallow sloughs along the river margin, with higher temperatures 
and evaporation rates prior to infiltration.  
Figure 10 shows no separation of results according to depth of flow paths, but it can give 
insight on the degree of local evaporation. The groundwater plots with a lower slope than the 
Global Meteoric Water Line (GMWL), which is typical of environments that are experiencing 
evaporative enrichment prior to recharge. This was not anticipated for a humid climate, but there 
are places of semi-stagnant bodies of water alongside the river that are experiencing evaporation 
prior to recharge. Estimates of evaporation based on isotopic enrichment (Clark, 1987) yield 
maximum values as high as 18% (points farthest from the GMWL). According to equation (1) 
from Clark (1987) the evaporation rate was calculated to be 18‰. 
 
5.5.2 87Sr/86Sr 
  
 Ratios of 87Sr/86Sr can be useful for determining provenance, but in this study, there is no 
clear separation or grouping of data based on strontium isotopic ratios, or by strontium 
concentrations (Figure 11). Higher radiogenic Sr (87Sr) is typically an indication of weathering of 
continental crystalline rock minerals (Bastaille et al., 2017). High 87Sr/86Sr signatures of river 
water reflect weathering reactions in crystalline rock upstream in the watershed. Lower ratios in 
local groundwater can be caused by additional weathering of minerals with less radiogenic 
strontium. The lowest ratios are observed in a few of the relief wells, consistent with longer 
residence times and more weathering of minerals low in 87Sr.  
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5.6 Tritium 
  
Variable river tritium is consistent with both local temporal variation in precipitation, and 
variations over time in the proportion of river water delivered from different geographical 
regions of the watershed (Slack and Oakley, 1992). Two samples were collected on the same day 
at different stretches of the river in both 2015 and 2016. In 2015, measured concentrations were 
8.4 and 10.5 TU. In 2016, both samples measured 5.2 TU.  
Tritium plotted against Fe (Figure 12) shows a general trend that is consistent with deeper 
flow pathways with higher dissolved Fe in the anoxic zone and longer residence times. The 
scatter in data can be attributed to the relatively high variability of river input.  
Tritium was measured at different times in the same relief wells or sand boils with an 
initial expectation that tritium concentrations would rise as more recently recharged water 
reached the discharge points. The results, in general, did not conform to expectations. Tritium at 
different times either stayed approximately the same, or declined. Stable tritium over time may 
be explained by a large mass of older water that is not fully displaced by infiltrating river water 
over the span of a single flood. Decreases may reflect shifting subsurface flow geometry, where 
discharging water comes from different areas of the aquifer as the hydraulic gradient increases. 
Alternately, the tritium concentration of groundwater reaching a discharge point may be higher 
or lower as a function of the tritium concentration of river water at the time it was recharged.   
Given variability of river tritium concentrations, residence times can only be roughly 
approximated. Tritium levels above 5 TU in relief wells and sand boils experienced short 
residence times, possibly as short as a few days. Levels below 3 TU indicate water on the order 
of a decade in age, displaced to the surface by recharging water on the river side of the levee. 
  
  
55 
 
 
 
6.0 CONCLUSIONS 
  
         Piping is the active erosion of sediment that is transported through open conduits to the 
surface landside of the levee during flood stage, which threatens the stability of the levee. Flow 
pathways beneath the levee along the lower Mississippi River vary with respect to the surficial 
geology. When the levee overlies channel fill deposits, flow is pushed deeper beneath the levee 
reaching the anoxic portions of the aquifer. When the levee overlies point bar deposits, flow 
follows a shallower flow path through more oxic zones Piping of sediment along deeper flow 
paths does not pose as great a threat on levee stability as shallower flow paths. 
 The preliminary 2011 study was limited to cation and trace metal analysis, but 
nonetheless demonstrated the potential for aqueous geochemistry to differentiate between sand 
boil discharge of deep or shallow flow pathways. The current 2015-2016 study sampled for 
temperature, conductivity, redox potential, bulk chemistry, trace metals, tritium, and stable 
isotopes of oxygen, hydrogen, and strontium to further understand the nature of flow and the 
evolution of groundwater. 
Distinct seepage pathways for sand boils sampled in the 2011 and 2016 Mississippi River 
flood are reflected by unique geochemical compositions, especially concentrations of Fe and As, 
ratios of Ba and Ca, and redox potential of discharging water. Samples from 2011 showed clear 
distinctions in Fe concentrations for deep and shallow flow pathways, though for As, a clear 
seperation found in 2011 was not reproduced in the 2016 data.  Plots of Ba vs Ca documented 
two distinct geochemical pathways, both beginning with river water. The relief wells and deep 
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flow-pathway sand boils had higher Ba/Ca ratios than the shallow flow-pathway sand boils. The 
redox potential of discharging water was higher in the shallow flow pathway sand boils. Shallow 
flow-pathway sand boils also tended to have lower pH values, and higher temperatures and 
dissolved oxygen concentrations. The composition of sand boils from deeper flow-pathway 
water is similar to water flowing from the relief wells, which is mainly drawing water from 
deeper portions of the alluvial aquifer. Discharging water from shallower flow pathway sand 
boils reflects river water more closely.  
The association of high Fe with the deeper, lower risk sand boils creates the potential for 
rapid risk-assessment for sand-boils during a flood. Iron, either total or ferrous iron, can be easily 
and rapidly measured in the field using portable spectrometers and Fe test kits (e.g. Chemetrics).  
Oxygen and hydrogen isotope results suggest that river water experiences significant 
evaporation before recharging to the MRVAA, likely due to temporary surface storage in 
wetlands between the river and levee system. Strontium isotopes provide equivocal information, 
with a distinct difference between river and groundwater, but no clear distinction between deep 
and shallow pathways. Tritium generally decreases for deeper flow paths, though temporal 
variability in the input precludes precise estimates of residence times.  
Ideas for future research would be to expand the study area to other stretches north and south of 
the levee. To improve understanding of weathering and redox reactions, core samples could be 
collected to determine the mineralogy in the aquifer.  
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Figure A-1. Bivariate plot of 2015 and 2016 data of TDS versus oxidation-reduction potential. 
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Figure A-2. Piper Diagram 
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